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Abstract 
HOE SHIFTS AS A FUNCTION OF 
INTERMITTENT PHOTIC STIMULATION 
by 
Frederick c. Bleck 
Hue shifts of the Bezold-Briicke effect, a phenomenon 
operating as a function of brightness, were studied tinder 
conditions where brightness was varied in two ways: 
1. The flux per unit area of a luminous source was 
increased, with the intensity level for each increment 
in flux constant over time. 
2. The luminous flux per unit area was held constant 
and the targe.t presented to _ the eye in uniformly spaced 
pulses, at rates of 3, 9~ 15, 21, and 45 cycles per second, 
with pulse-to-cycle fraction of 1/8. 
The test targets consisted of 10 hues from the Cabinet 
Edition of the Munsell Book or Color. All hues were of 
chroma/~ and value 5/. The test targets were of hue 2.5 
:for R, YR 1, Y., GY, G, BG, B, PB, P, and RP. The matching 
targets oonsisted of the test chips, and in addition, hues 
of 5.o, 7.5, and 10.0 at chroma /6 and value /5. In total 
there were 40 matching chips. 
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The procedure involved the following: 
1. Equating brightness levels between steady and 
intermittent photic sources. 
2. Observing hue shifts as a function ot change in 
brightness under conditions of increased lwninous flux 
'l 
1: 
per unit area, and also under conditions where rate of 
intermittency was varied. For all hue matches brightness 
levels were varied in equivalent steps for both conditions. 
Results show that hue shifts for steady and inter-
mittent brightness levels were not significantly different 
from each othe~ at the .01 level. There is also a high 
degree or similarity between the hue shirts or this 
experiment and the typical Bezold-Brficke hue shifts. 
Granit 1 s Photopic Modulator Curves were used as a 
'basis of explanation for the hue shifts. Degree and di-
rection of shift, as well as the position of the 
"invariable points" could be determined on, the basis of 
these curves. 
The similarity between hue shifts under two different 
modes of brightness variation were considered within the 
framework of Bartley's Alternation of Response Theory. 
Experimental data for brightness matching curves and the 
increase in hue shift with decrease in rate of inter-
mi ttency support the alternation of respo-nse theory or 
brightness, as. opposed to a strict frequency·theory of 
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The shape of the brightness matching cUI'Ves ot the 
initial part of the experiment could also be explained in 
terms of Gran.it's Photopic Modulator Curves. 
It was concluded that both brightness level and degree 
of hue shift could be accounted for by the following: 
1. Composition or active receptor elements at a given 
wave length 
2. The agreement between the intermittent photic pulses 
and the "excitability cycle" of the occipital cortex 
3. Discharge rate of individual receptor elements 
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Abstract· 
HUE SHIFTS AS A FUNCTION OF 
INTERMITTENT PHOTIC STIMULATION 
by 
Frederick c. Bleck 
1 • 
·, 
Hue shifts of the Bezold-BrHcke effect, a phenomenon 
operating as a function of brightness, were studied under 
..... ,.,,-'(!.·,-) .... , ___ .-~ 
'.~ 
conditions where brightness was varied in two ways: 
1. The flux pe~ unit area of a luminous source was 
increased, with the intensity ·level for each increment 
in flux constant over time. 
2. The luminous flux per unit area was held constant 
and the target presented to the eye in uniformly spaced 
pulses, at rates of 3, 9, 15, 21, & 45 cycles per second• 
•• with a pulse-to-cycle fraction of 1/8. 
~-The test targets consisted of 10 hues~rom the 
Cabinet Edition of The Munsell Book of Color. All hues 
were of chroma /6 and value 5/. The test hues were of 
hue 2.5 f'or R, YR, Y, GY, G, BG, B, PB, P, & RP. The 
matching -Pargets consisted of the test chips, and in 
addition, hues of 5.o, 7.5, & 10.0 at chroma /6 and 
value 51. In total there were 40 matching chips. 
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The procedure involved the tollowing: 
1. Equating brightness levels between steady and 
intermittent photic sources. 
2. Observing hue shifts as a f'unction ot change in 
brightness under condi_tions of increased luminous flux 
per unit area, and also under conditions where rate of 
intermittency was varied. For all hue matches brightness 
levels were varied in equivalent steps for both con-
ditions. 
Results show that hue shifts for steady and inter-
mittent brightness levels were not significantly differ-
ent from each other at the .01 level. There is also a 
high degree ot similarity between the hue Eilifts or this 
experiment and the typical Bezold-Brticke hue shifts. 
Granit's Photopic Modulator Curves were used as a 
basis of explanation for the hue shifts. Degree and 
direction of shift, as well as the position of the "in-
variable points n could be deteFlllined on the basis o:t 
these curves. 
The similarity between hue shifts under two different 
modes of brightness variation were considered within 
the framework 0£ Bartley's Alternation of Response 
Theory. Experimenta1 data for the brightness matching 
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curves and the increase in hue shift with decrease in 
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rate of intermittency support the alternation of response 
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·;_J theory of brightness, as opposed to a strict frequency 
theory of brightness. 
The sh~pe of the brightness matching curves of the 
initial part ·br the experiment could also be e~lained 
I 
in terms of Granit 8 s Photopic Modulator Curves. 
3. 
It was concluded that both brightness level and de-
gree of hue shift could be accounted for by the follow-
·-: .. ing: 
1. The agreement between the intermittent pll:lses 
and the "excitability cycle" of the oocipital cortex 
2. Composition ot active receptor elements at a 
(?' 
given wave length 
3. Dis,charge rate ot individual receptor elements 
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Introduction 
The sensory phenomenon ot·brightness has been showz;,. 
to depend upon both the intensity and temporal patte:rn 
of a photic sourceo In the forrae~ case the luminous 
intensity of a so11I'ce that is constant over time is 
varied. In the latt.er case brightness is changed by 
presenting uniform. t~aina of intermittent pulses to the 
eye. In this second case there is a direct Pelat:.ion 
between the rate ot intermittency, the· senso:ry phenomenon 
of brightness, and the intrinsic bioelectrical rhythms 
ot the retina and cortex of the organism involved. It· 
is ror this reason that brightness produced by inte~ 
mittent impingements is taken to illustrate the neuro-
physiological basis of brightness in general. 
The primary purpose of this paper will be to examine 
a phenomenon that is a function ot change in steady 
lrD11inous intensity and compare these changas with those 
obtained under conditions where brightness is changed by 
varying the rate of internrlttency of a photic sot1.rce. 
The phenomenon to be examined is·· the. Bezold-~Brdcke effect 
where hues shift systematically as luminous intensity is 
•• ••••• •••-• ,-•••, ,,,.,., ,,.. , • .,,L ••• ,_. .• ,,•u,,.,.,...,. ·• •• ,,._,,,,_, •'•' ,.,, •• '••••• ,,-, O 
--~--.--~••-•••---•-••••••••-•-••••~---•H- .. • . • • •. ·--·: • .•. .:.: • • • 0 _,,,,"• -•-••-·· : .. -. .. -••~•-4•••·•" ,-~••O •••-• • • • • • 
increased or dec~aaseQ. The task will be to compare the 
. shifts in hue, as a function of brightness variation 
I· . . . 
...;. ,. 
. ... 
... 
~. 
·v· 
produced by intePlllittent stimulation, to the classical 
hue shifts of the Bezold-Brdcke effect, which are ob-
tained under conditions of steady illumination. Investi-
gators (Bartley & Nelaon0 1960i Nelson & .Bartley, 1961) 
• 
have shown that hue is affected by changes in rate of 
intermi ttency. However• the direction and magnitude .. of 
such shifts and their ~elation to the Bezold•BrHcke effect 
have not been systematically determined. 
The present experiment will require the same subjects 
to partieipate in three psychophysical procedures: 
1. Establishing equivalent brightness values tor 
steady and intermittent targets. 
2.. Establishing 'Whether subjects can match hues under 
conditions of equivalent brightness in.the test and match-
ing targets. 
3. Establishing hue shirts as a function of bright-
ness variation.under conditions 0£ steady and intermittent 
impingements. 
Before proceeding with details of the present experi-
ment several related topics will be discussed in order 
that the relations be.tween the structure of this experi-
ment and the under~ying theoretical viewpoints may be 
- ----· -···-·- ----~-----~ ---·-·- ·-------·-· -------·· 
clarified • 
; ----·--···-···-·-······-··-··-"·-··-·---.. -------·---··.··-····-· .. ···-··-··--··-'I'Affino·r al 1 y in due e d ·· bri·ghtness· · ··-·· · ··- -···-- ··-·--·-·······-· ·· ·-··-·· ·· ·· ······· ----·-·- ·---- ········· ··· ·-· ···· · · ·· · 
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The luminous intensity of a source (I) is de:firiad as 
the total flUXr'(F) emitted per unit solid angle (w). 
C , 
I: F/w 
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6. 
Flux is defined as: :n ••• the portion of radiant ~nergy 
per unit time from an incandescent source that is effective 
in producing the sensation of sight." (White & Manning, i 
1954). In the case of a steady luminous intensity, bright-
ness increases logarithmically as the flux per unit area 
is increased. With an intermittent photic source, of 
-~_,, 
constant pulse-tomey,.cle fraction, brightness changes as 
rate of intermittency is varied with the l1unjnous flux 
per unit area held constant. Brightness of an intermittent 
source increases from the fusion point, with a decreasing 
rate of intermittency, to a maximum value occurring at and 
below 10 cycles per second. Figure 1 shows the general 
relation between effective brightness and frequency 
changes for two pulse-to-cycle fractions. 
Four relations between the intermittent source and 
the sensory end result of brightness should be noted: 
1. Pulses of relatively short duration (pulse-to-
cycle fraction 1/8 to 1/4) are more e£fective in producing 
brightness enhancement than pulses of longe~ du~ation 
(pulse-to-cycle fractions above 1/4) for the same rate 
ot inteI'Dlittency. 
2. At rates or intermittency producing maximum bright-
. --··- --··-· --~···- ·-----. ~ - __ .,. ____ ---.. ··-· - - - - --~ - - --· - - - . --- ------ - ---·---- ·-- --- ·-- --·----- - -- . ness; ___ int···e·i'IriJ""t"teiit ___ pulses ... may··-·be··-·more than twice as efi'ecti ve 
in producing brightness as a steady source of equal in-
' 
. tensity9 even though the flux per unit time for the inter-
mittent source may be 1/8 that of the steady source. 
:~ 
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,i......:!.,__-; 
.. 
. · -· --- . . .. ·· ·. ;. : .. ; · ... ' · .. :: ... 
~-
.• ·ti 
· ... 
. :: 
Figure 1 
The relation between brightness and rate ot 
intermittency for two pulse~to~cycle fractions 
Carter Bartley, 1959) · 
· .. ; 
Curve A represents a pulse-to-cycle fraction or 
1/2. 
Curve B represents a pulse-to-cycle fraction of 
3/4. 
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Figure 2 
Physical and sensory characteristics of 
intermittent light 
A, shows flux relationships fer four rates 
of intermittency with a constant pul.se-
to-cycle fraction. 
B, shows the relation between steady and 
intermittent patterns oapable of producing 
the same level of brightness. 
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Pulse-to-cycle fraction=\ for 
411 rates of intermittency 
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40 cycles 
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Figure 2. 
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/SU!Tl of pulses 
( per .1 second 
·nterval 
I 
1. 
I 
t 
' I 
t 
.. I o5 sec • 
~\;~-,-, • -~~-6'"~1<'! ... h,«-",:;~ .. ~.', L 
l•-,. 
\. 
9. 
J. With pulses of shoP1; duration (pulse-to-eycle ·.:,. ,, .. 
~ 
traction 1/8 to 1/4) the range of brightness variation 
1~ greater; i.e., the- enhancement level is greater and the 
Talbot level is lower than for pulses of longer duration 
, 
(pulse-to-cycle f'ractions above 1/4) s BrighJc;nesa ranges 
for two pulse-to-cycle fractions a.re shown in Figure le 
4. If rate ot intermittency is increased and pulse-
to-cycle fraction is eonstant 9 the total flux per unit 
area for a given interval of time remains constant (see 
Figure 2A). Thus brightness may be varied independently 
of change in luminous intensity of the physical so~ce. 
· The Bezold-BrHeke effect 
The shifts in hue or the Bezold-Brlicke etteet have 
been described as follows: 
" ••• as the int·ensity of the· spectral colors is 
made great they undergo a change in hue 8 the colors 
corresponding to the longer 1t1ave lengths (rad . 
and orange) tending toward~ yellow9 and tho~@ 
correspondi~g to the shorter wave length~ (green, blue 0 gzu@@~v an.d violet) tending towards blueo 
At the ~am® tim® the color~ be~ome mo~e whitish (le~i saturated) and ewentually~ i11hen the intensi-
ty becomes suffi@ie~tly great 9 the entire spectrum becomes colorlesson (Purdy 9 1931) 
As the intensity is lowered there is a progressive 
shrinkage of the yellow and blue regions, with red and 
violet expanding to fill thei~ place. 
Of particular importance in the Bezold-Briicke ef'.f ect ·-
are the "invariable" points-,------these are points which do 
not ·shift as the luminous intensity is varied. Table l 
·11 ·· 
' - J_, -~-- •••. _, • 
.... 
., 
Table 1. 
Invariable points of the Bexold-BrHcke effect 
(in mµ) 
Investigator 
Pl1rdy 
\'lestphal 
Exner 
Voeste 
Langford 
}!lmsell 
Connnittee 
, ' 
·4 8 5 :. 7 • 
·476 
1+75 
465 
475 
475 
Invariable points 
505.5 574.5 
504 .571 
508 571 
496 560 
493 \I 561 
505 575 
. . 
10 • 
___,_,~--~----------------------------------------------------------------~-------------
-·.·.· 
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Figure 3 
The Bezold~Brdcke ettect 
·. ( after Purd,; 1931) 
11. 
Change in hue produced by a change in intensity 1'rom 
1000 to 100 photons. Targets of these two intensitits 
were matched and a wave length shift was found necessary 
to match the hues. 
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gives the invariable points as determined by several 
early investigators. Figure 3 shows typical Bezold-
Bzrlicke hue shifts. 
12. 
Theory relating the Rhotic source, ~europhys~ologz, and 
brightness · 
There are three major theoretical views as to how the 
luminous intensity of a photic source is related to 
,,._ 
brightness: 
1. Multiple Fiber Theory (Hecht, 1928) 
·' 
2. Frequency Theory (Boring9 1963; Hartline, 1932) 
3. Volley Theory- (Bartley, 1938; Boring, 1963; 
Weaver & B~ay, 1930) 
The multiple fibeI" theory assumes that perceived 
brightness depends upon the total number ot receptor 
elements excited. Such an approach seems adequate at 
threshold levels. For example the luminous intensity 
of a stimulus of larger ~ea does not have to be as 
great as that of a smaller target in order to be seen. 
A pulse of long duration does not have to be as intense 
as a pulse of shorter. duration in order to be seeno 
Above threshold, however, the situation is reversed. 
A spot of light is more effective than exposure of the 
entire retina with a source equal in amount of flux per 
\ 
unit area, and trains ot pulses ot short duration are 
more effective in p~oducing b~ightness than trains ot 
longer pulses presented at the same rate of intermittency. 
1 •. 
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Most evidence supporting the multiple fiber theory 
is from the laboratory of Heckt. Th~ main deficiency 
ia that it cannot explain how receptors in a single 
area can contribute collectively to a single·intensity 
and at the same time act individually to give spatial 
differentiation in perception. In this case, Hecht was 
forced·to assume that receptors act collectively ror in-
tensity, and differentially for acuity; thus he favored 
a combination of multiple fiber th·eory and frequency 
theory. 
Frequency theory is perhaps the most widely accepted 
theory relating intensity and brightness. Frequency 
theory attributes brightness to a change in the rate ot 
response of the nerve fibers involved. As flux per unit 
area is increased, the impinging photic energy will excite 
the nerve fibers earlier in the relative refractory 
period, which results in a more rapid rate or receptor 
discharge. Investigators noted that the rate of fiber 
re·sponse increased logarithmically as the intensity was 
increased. This was similar to the brightness discrimi-
nation curve. Thus they assumed that bright~ess depends 
upon the frequency of neural response. 
With respect to frequency theory, Boring points out 
· that: 
··, ,, ;. 
··,., 
-·-···-~····.,--,,,-.,,.~_: .. ,.f-·- ........... .. 
' -
.. 
-.... -
" ••• all this is true for a continuing stimulus. However, an abrupt stimulus of very short du-ration can also, as it is varied in deg~ee, arouse different intensities in perception." 
. (Boring, 1963) 
The frequency theorist ans~ered this by averaging 
0
reoeptor discharge rates to intefllµttent imp-ingements 
and reaching a theoretical mean response rate of About 
10 cycles per second. At first this mean discharge rate \ 
?' may appear to be the basis ror the sensory phenomenon of 
brightness enhancement, which has been linked with the 
alpha rhythm at 10 cycles per second (BartleY. 1940). 
The conclusion that the mean receptor discharge rate 
determines enhancement is not in accordance with several 
other lines of evidence as indicated by the following 
• reasoning: 
1. Sensory studies show that brightness increases 
as the rate of photic intermittency decreases to points 
as low as 5 cycles per second, i1hich 1is well below the 
aver·aged receptor discharge rate at 10 cycles per second. 
2. Cortical activation is determined by tlie degree 
of synchrony among converging impulses at the lateral 
geniculate body. The above mentioned average produces 
--····---··--------,----------·-------·--poor synchrony in discharge to repeated stimulation. 
3. An averag~d discharge rate would not take into 
account the fact that amplitude and synchrony is greatest 
at, and below·,. the alpha rhythm and also at multiples or 
the alpha rhythm. This is supported by Jasper- (1937.) 
j 
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.. 
who found that, between the synchronous area 0£ the 
-
alpha multiples, there are areas or desynchrony in the 
human occipital cortex. The assumption is that bright-
ness is,: determined by the degree of synchrony among 
converging impulses at the geniculate body. In this 
case brightness should increase slightly at multiples 
ot the alpha rhythm near 20 and 40 c'ycles per second. 
/ 
~ 
·---. 
To .further question the major a·sstimption ot the .freq-
uency theorists that the level o.f receptor discharge 
rate determines brightness, De Valois, Jacobs, and 
Jones (1962) have .found that there are receptors in 
.,/ ( 
the eye that respond to an increase in intensity by 
decreasing their response at a rate inversely proportion-
al to the logarithm of the intensity. 
The third of the current theories relating intensity 
and brightness, the volley theory, first appeared in the 
area o.f audition to account for the .fact that sensory 
response rates were higher than maximum discharge rates 
for a single nerve .fiber. Weaver and Bray (1930) 
proposed that groups of fibers jfired diphasioally to 
alternate pulses of the impingement allowing greater 
variation or response. 
Current investigation indicates that it is reasonable \ 
to·generalize the volley prineiple to vision. Granit 
notes that: 
\ ,,-..-.•. :·· ••• II, 
"· 
. '-~ . 
.;· 
..... 
l• 
l 
, 
.. 
' 
"With respect to spikes influenced by light in the ordinary way it seems that the fluctu-ating state of excitability expressed by the spontaneous activity must permit some rotation of activity between individual units. This is evident when intermittent stimulation ·-is combined with several units at surficiently 
. high rates of flicker."' (Granit, 1962). 
16.· 
Application of the volley principle to the visual 
system was first suggested by Bartley in his Alternation 
of Response Theory (Bartleh 1940). This th~ory may be 
, generally stated as rollows: 
1. Parallel channels of the optic nerve may be 
aotivated at a maximum rate of about once every .1 
second. This rate is primarily determined by the in-
trinsic discharge of the ganglion cells of the retina 
and cortex. \ \ '. 
/ 2. As the rate of intermittency increases to about 
20 cycles per second, the parallel channels divide into 
two equally-effective sets of fibers firing at .1 second 
intervals but firing diphasically. That is, each group 
of fibers responds to an alternate pulse. At 40 cycles 
per second the channels again divide, each responding 
to every fourth pulse. 
J. Amplitude of the cortical response is maximal for 
the greatest synchr(?~Y 1'>~t1.-1f3~n such_intrinsic biological -- -- ----- . - -- - ·- q 
rhythms and the temporal characteristics of the in1)inge.-••• •. - r'"" •" ""°" --·~···- • ••'---·•- 6 ;,.•, ••,-' -· •• , •" 
ments. Thus at 10 cycles· per second and below, the,, evoked 
cortical amplitude is greatest. At 20 cycles per second 
"· 
__ ..... _____ __.;......;;;....;.;,~---········ ·---~ 
.,., 
, ... ,.. ... 
........... ~ ...... 
17. 
cortical amplitude is· one-half that at 10 and at 40 cycles -
per second the cortical amplitude is one-rourth that at 
10. 
Thus the proponents of the volley theory relate per-
ceived brigl1tness to the relation between the temporal 
'i"'1' 
spacing of photic impingements and the activation cycle 
of the cortex. Brightness then, is assumed to be directly 
related to the amplitude or the cortical response. 
The Bezold-Brilcke effect and color vision theory 
• ( I 
Purdy (1931) concluded that "Neither the Bezold-
s-. 
Brilcke phenomenon nor the white mixture phenomenon can 
be readily reconciled with the Young-Helmholtz or the 
Hering theory of color vision". This is not really 
surprising when one examines receptor sensitivity data 
based on such theories. The sensitivity curves of 
Koenig and Dieterici (Purdy~ 1931) which most authors 
1, 
rely on to eJCPlain the hue shifts, were designed to ac-
count for· color mixture data only. These curves have 
,;, little neurophysiological basis and cannot adequately 
explain brightness additivity or ror that matter, the . . 
hue shifts in the short wave length end of the spectrum 
(Walraven, 1962). 
It appears to the writer that the hue s-hifts of the 
Bezold-Brdcke effect may be more adequately explained on 
' . J 
the basis of Gran.it's color sensitivity curves. Granit 
(1945) has statistically averaged results of microelectrode 
recordings from various mammals and synthesized the human 
~ 
i ii' 
l' 
I 
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luminosity curve. These curves are shown in Figure 4 
and are based on the data from Table 2. Two basic types 
of receptor elements compose these curves, the modu-. 
lators that respond only to restricted bands of spect-
ral impingements and dominators that respond to broad 
bands or spectral impingements •. These curves must be 
·i · regarded with reservation since they are not based on 
the human visual. system and are taken mainly f'rom the 
cat, which is both nocturnal and color blind. Secondly, 
these curves are based only on threshold data. The 
strongest factor supporting the use of these curves is 
the striking similarity of response found for spectral 
targets from organism. to organism. 
Explanations of the Bezold-Brilcke effect in terms of 
Granit's data will be basically similar to the explanations 
using the elassical data of the Young-Helmholtz theorists. 
The basic assumptions are: 
1. That perception of a certain color depends pri-, 
marily upon the ratio of different color receptor ele-
ments stimulated. 
., 
2. As intensity is increased, the difference between 
the general activity or the largest and smallest com-
ponents is decreased. 
3. To mat.ch hues, at a given wave length, under 
conditions of brightness differences, one must shift 
the target of variable hue in a direction such that the 
receptor components for both targets_. are in the same 
••' ''" H < ,t"'t 
.-.> 
·-
•• -· i I 
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Table 2 
,·;. 
Fund em en t al color sensations o:f man ( afte:r Granit, 1945) 
:( 
Wave Modulator elements length (percent activity) (mu) (R) (G) (B) (D) 
I 
~ 
400 1.45: 1.45 410 - - 2.46 2.46 
-420 - 3.48 3.48 ' 430 - - 4.2 4.2 
~g - o.oa 4.7 4.78 - 0.95 5.o 5.95 460 - 3.24 4.88 8.12 ., 470 - a.54 3.48 12.02 '·~••1• 480 - 16.9 1.25 18.15 490 - 27.8 0.32 28.12 
-::,·#-500 - 45.7 0.10 45.8 510 -0.5 12.5 73.0 520 -., .. · 1.0 96.o 
.-;1"C:f"'"-
103.0 \· 
·530 - 125.0 20.0 105.0 
.540 - 138.0 , 3i.o 102.0 550 4 .o 96.o - 144.0. 'I t F ' ,· 560 82.0 - 145.0 ,. 6Jo0 ' ' 570· 81.0 59.0 - 140.0 1 ~ . \ .... ~ 580 - 130.0 ( 91.0 39.0 t 590 94.0 - 116.0 22.0 600 -92.0_ a.o 100.0 610 78.0 - 81.0 3.0 620 61.0 - 62.0 1.0 630 43.0 0.5 - 43.0 640 28.0 0.05 - 28.1 650 16.7 - 16.7 660 .... - 9.36 9.3 670 -
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Figure 4 
Grsnit's photopic modulator curves 
{after Granit, 1945) 
Arrows along the abcissa rarer to points of the spectrum 
discussed in the text. 
Shaded bands indicate the invariable regions ot the 
Bezold-BrHcke effect • 
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proportion. 
~ To explain the hue shifts, the invariable points 
(vertical band in ~igur~.) and the midpoints of these 
.. invariable points t-1111 be discussed. These points to 
be discussed are represented by arrows along the 
abcissa of Figure 4. 
At 610 mµ the total response at a low intensity is 
primarily red with a small green component. As the 
intensity is increased the green response becomes larger 
with respect to the total red response. In order to 
match the target of 610 mµ at low intensity with a source 
of variable hue at a higher intensity one must move 
toward 700 mµ in order to obtain the same ratio of 
active red to green elements. 
At the first invariable point (570 mµ.) both red and 
green components are .approximately evenly activated. 
In this case the 1:1 ratio between the effective red 
and green components remain the same as the intensity 
is increased so no shift in hue is necessa~y to 
maintain the s:ame ratio of active elements at different 
levels of brightness. 
At 525 lll)J., the argument proposed for the point.at 
- . --- .,-•··-·------- ··-· : .... -·-
610 mµ may again be used, only this time the shift in 
hue will b~ in the direction of yellow and will be 
matched by shi£~ing toward green. · 
·.' 
. ., 
22. 
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The second invariable point at approximately 500 mµ 
cannot be explained in the same terms as the invariable 
point at 570 mµ since the»e are no intersecting sensitiv-
ity curves. It will be noted, however, that in a narrow 
.. 
band around 500 mµ there are only green elements excited 
with only small components or red and blue on either 
side. - Thus, in this area, as intensity increases ~rom 
low to high, only green reoeptors are activated and no 
shift is necessary. 
For the region around 480 mp., any shifts to match 
corresponding low intensity targets will be toward 
the long wave length end of the spectrum. 
The blue and green curves intersect at approximately 
465 mµ indicating a third invariable point. 
For a short region beyond the blue-green intersection 
point, hue shifts would be towards violet or the 
"' short wave length end or the spectrum. 
The isolated blue component indicates a fourth 
invariable region extending between 400 mµ-440 mµ. No 
investigators have reported on points of such short 
wave length. 
Grani t' s curves not only have a basis in neurophysiole-
'\ 
r-·· 
l .'"\, 
. -----~·-----·--·----·----,,... -.- ' . ·- -
-- - -- -·---- --- - -- --- -
····-----, ,,----. -- ··-·-----·-···· -·----~'"·--···--···---· --
________ .... _. ___ .. ____________ . · -gy-:~·- but···perm.i t eomplete prediction of the Bezold-Brtloke 
: hue shifts which neither Young-Helmholtz nor Hering 
theories can do wi tl1out complication (Walraven, 1962). 
" The above explanation of the Bezold-Brilcke effec~ 
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would not be expected to differ under conditions of 
changes in brightness through intermitteney. If channels 
divide as rate of inte:rmittency increases, and dis-
c-harge with maximum unity at and below 10 cycles per 
second, it would seem that the components contributing 
to the color sensation, especially the smaller 
components, would be more effective at and below 10 
oyeles per second. At these rates they would all 
discharge together rather than being distributed into 
separate channels. 
Scope of the 2resent experimen~ 
The design of the present experiment developed out· 
~fa concern withtthe adequacy of the foregoing 
theoretical positions in an attempt to discover the 
extent to which valid interrelationships among 
theories could be established. Based on these theories 
certain relations would be expected and in each of· 
the three previously described psychophysical pro-
eed~res, the following hypothesis will be tested: 
Pa.rt I • 
1. As rate of interraittency is· increased from 3 
to 45 cycles per second, brightness will diminish 
J 
1. 
I, 
·., 
I 
. -·-·-~.·:-. _· -· .• .. -·---·----·------·---- --------··- ·------ - ···---··-····--·-· --- ...... .- - - ·- --···- . ' from a higher level than that produced -by a -steady-·------~~--o· .... -. . ..... 
source of equal luminous f'lux pe·r unit area, to · ··· 
an asymptotic level that is lower than that for 
a steady source of equal luminous· flux per unit 
\ 
... 
., 
\\ 
'• 
·~ area. 
2. For spectral bands to which receptor elements 
are most sensitive, brightness values will be 
greater at each rate of intermittency. Based on 
Grani~~s data, brightness across hues for each 
rate of intermittency should reach three peaks 
between 430 Irl)1 and 460 Dl)l, 500 mµ and .520 11\U, 
580 D1J1 and 600 Ill}le 
I 
Part II. 
I) 
If brightness is e 1qual in both test and matching 
target, hues will be matched without significant 
shift for steady and intermittent sources irre-
spective or the brightness level of the targets. 
Part III. 
l. With equivalent brightness differences between 
the test and matching target under steady and 
' 
intermittent illumination~ no significant 
differences in amount or direction of shifts of 
hue will be found. 
2. As brightness differences between the test 
and matching .. targets increase, hue shift w~ll 
I 
j 
become proportionally greater for both steady 
-- - ' -- •---; .. •~. •• -2--·-.. ------·--•--•-••-u•-·-··--•-•-•••••-•·---- --•--••--••-
.. , ... ----······-·-···---······-------------·~----- . . -- - ·--·· . ·-- .. -_ ·-~-------·"·--------·-· 
and intermittent matching conditions. 
'( 
I I 
Method 
Subjects .• There were 5 experimental subjects, 4 males 
" 
and 1 female, of age range 22-26. All had previous ex-
perience with psychophysical experiments. 
Before experimental participation, all subjects 
tested in the following manner: 
• 
were 
1. All were given a set o:r 22 pseudoisochromatic plates 
( Dvorine, 1944) half were presente~ to the left eye and 
halt to the right eye. Anyone not responding to all plates 
correctly was dismissed. 
- - - ------- - -----~-. _· .~- _........,_, ... -~ -··--· -------·- ···--·-- ' 
2. Subjects were then tested with a Bausch & Lomb 
Modified Ortho-Rater with respect to near acuity, lateral 
and vertical phoria, and color vision. In the case of 
acuity and color, the left and right eyes were individually 
tested. Any subjects no"? responding correctl_y to all 
characters in the near acuity test (20/17 Snellen). and 
the color vision test, or having extreme muscle imbalance 
were not used. 
Appar&;tus. A general diagram of the apparatus is shown 
in Figure 5, and a detailed diagram in Figure 6. 
, The light source was a Mac~~~b. Examoli ta Fixtuzae t¥J)e 
T0-440 simulating north sky daylight at 7400° K and pro'.,,. 
ducing a luminous intensity of 800 · r;tocmLamberts, see (A) 
in Eigre~5. Intensity range at the eye was between 
1,l·~·~ 
35 ft.-o. and .35 ft.-c. 
') 
.. 
•. 
I. 
Figure 5 
Schematic view ot the apparatus 
·- ;,, 
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Light traveled from the source at (A) to seven 1~ by 
6" flat mirrors arranged in a parabolic arc at (B), and 
was reflected on to the test an·d matching targets located 
\ 
at (C) and (D). \~ 
The test target consisted of 10 hues from the Cabinet 
Edition of the Munsell· Book of Color. (Granville, Nickerson 
& Foss, 1943; Newhall, Nickerson & Judd, 1943) Table 3 
shows the:relation between the test chips and the physical 
spectrum. All hues were of chroma /6 and value 5/. The 
test hues were of hue 2.5 for R, YR, Y, GY, G, BG, B, PB, 
P, and RP. The matching targets consisted of the test 
chips, and in addition, hues of 5.0, 7.5, and 10.0 at 
value/chroma 5/6. In total there were 40 matching chips. 
The test and matching chips were arranged so that they 
were presented by the method of binocular photometry. 
The chips we~e viewed through aperatures l/8 11 in diameter. 
The test target (E), was viewed with the lert eye only 
and was placed 3" to the right and 3/8 n above the matching 
target which was viewed by the right eye only~ this is 
shown in Figure 6. The Subjects' view of the targets are 
shown in Figure 6B • 
=------.. ·----------- . -· -.. _ . --·--·- ·--------·----·~-~-~J;.l. ~arget -~~-~ _ viewed t~-?~~- -~---P-~~-~~ ___ ~-~~~~. _ ~~---·--·-------- ... _ __ .. ____ . _________ .. __ 
l 
subtended an angle of 1.8° at the eye tor each-target. 
Test and matching targets were separated by 7\0 • The 
test target was always under consta.dt illumination. 
The degree o~ luminous intensity could be varied by 
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turning the knob {H) which varied a neutral deneity 
wedge (I). The matching target could be presented under 
steady illumination, or intermittently. The luminous in-
tensity was varied by placing neutral density ~ilters 
·Just before the prism lens. Frequency of a flickering 
pulse could be altered by changing the sectored episco-
tister disk ( J). 
The episootister disks were driven by a 60 cycle con-
stant speed motor with a reducing gear box and an output 
of 300 rpm. Sectored disks of black cardboard were used 
to produce frequencies of 3,9,15,21,27, and 45 ,cycles 
per second, with a constant pulse to cycle fraction of 
1/8. 
The hues on the matching wheel (C) were changed by 
the subject by rotation of the lmob (K) which drove the 
wheel by means of a bicycle chain. Test hues were varied 
only by the experimenter. 
Values of the neutral density wedge over the test 
tar~~were from 100% transmittance to 1%, or from neutral 
density values from Oto 2.00, in steps of .1. Under 
conditions of intermittency, a neutral density filter of 
.6, transmitting 25% of the luminous intensity, was used 
--- -- --•----------~----.. •-u,U••·-----~-M-·--·-··-·---····- 0 •• • ••••• ,,/' -· --- ••••••••--••-• •••-••••-••----- -- -- ·- ••. ------ -·-----· -- -----::~::.-::.:.~•••=··· ·----H·--H--..... ~--·W ____ ...... _. _____ , __ , .. - ......... _, .. ~- • "• • ~--
over the matching target. 
Procedure. 
Part I. 
The purpose or Part I was to abtain equivalent 
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brightness values for steady and intermittent photic 
sources. The subject adjusted the luminous intensity 
of the achromatic test target, by the method of 
adjustment or average error, ·until it was perceived 
as equal in brightness to the intermittent chromatic 
matching target. The test target was always achro-
matic and of steady intensity. The luminous intensity 
could be varied between 100% and 1% transmittance 
of the total illumination. 
For the matching target, each of the 10 standard 
.~ 
hues and an achromatic ehip were singly presented at 
'•- ---- .#• .,/ 
rates of 3, 9, 15, 21, 21, and 45 cycles per second. 
For all rates of intermittency, a neutral d·ensity 
filter of • 6, transmitting 25% of the total luminous 
intensity, was used. 
Subjects made four matches of each hue at each 
rate of intermittency, and each rate presented 
randomly. Each of the 11_ matchifig targets were 
presented ror two rates or intermittenoy during each 
experimental session~ with two matches for each hue 
at each rate of intermittency per session. Each 
session· lasted approximately one hour. A 5-min. 
---------r-e·st···-was···t·aken·····-arter-avery-1<J··--minute-s-···-·of·--· t-e-sti-ng.--------·----· 
Completion or Part I required approxjmately six hours 
pel' subject. 
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Part II. 
The purpose of Part II was to ascertain the 
accuracy, using the method of average error, with 
which subjects could match hues of different bright-
ness levels with the test and.matching targets of 
equivalent brightness as determined by the results, 
of Part I. 
The test target was always of steady illumination and 
presented one or the 10 standard hues~ The brightness 
of the test target:_:was approximately equivalent to 
that of the matching target. 
The matching target was viewed under two con-
ditions, steady and intermittent illumination. 
Under steady illumination, the matching target was 
equal in luminous intensity to the test target as 
determined by the brightness matches of Part I. 
The intermittent matching target was presented at 
the rate of intermittency mentioned above. A neutral 
density filter of .6 was used for all frequencies. 
Forty matching hues were used • 
Testih.hues and rates were presented randomly. 
Part III. 
'') 
---·------·-P-hi-s---i·-nve-lve-El--·-·-t-he·-·-·oomp-ar-i-a-on---0-:f--hue--Of--.the.-----t-e .. s.L--.-·---· 
and ma~ching targets un~er conditions where the test 
target was fixed at a minimum level of intensity, 
and the matching target varied with respect to 
.,;, 
'.:-. \) 
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brightness either by raising steady luminous intensi-
ty or by varying the rate of intermittency. Under 
these conditions, the Bezo~d-BrHcke curves and com-
parison of hue shirts due to brightness changes from· 
the intermittent stimulation were studied. 
The test ·target was f.ixed at a steady l~vel of 1%. 
of the maximum luminous intensity. The subjects 
were required to match each of the 10 test hues. 
The matching target was presented at the above 
mentioned rate of intermi ttency and also under stea.dy 
illumination at brightness levels equivalent to that 
produced by each rate. 
The task for the subject was to match hues even 
though there was a difference in brightness. Matches 
' in hue were n1ade by ·the method of adjustment • 
. Approximately six one-hour sessions per subject was 
required to complete this part of the experiment. 
In Part I, where equival~nt brightness values 
were determined, the dependent variable was recorded 
in terms of the neutral density·scale value oi the 
steady target necessary to match the brightness of 
~ 
the intermittent target. 
------ -- --- -- ------ - ---- ·------------------ - ---·- -- -- - -- -------------------------------·--···-··--·--- -· ··--·- - '--·-·· ""•"••--···-----· --- -···--~---- ~--····-·-·--·-···' ~ -·-· 
In Part II and Part III, where hue matches were· 
the~dependent variable under di£ferent brightness 
conditions, the data were reoorded in the following 
·. r 
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(1' 
1. If the test target to be matched were Y (2.$), 
this hue would be assigned the value of zero. 
If the subject selected Y (5.o), or Y (7.5), 
~ 
he would be given a score of -1 or -2 respectively. 
The scores then increase in size as the subject 
deviates from the standard. 
3. The §atne system with positive values was 
used for deviation in the opposite direction. A 
mat-ch of YR (10.0) would therefore be assigned a 
scale value of +1. 
With respect to the above system used to record hue 
-
shifts in Part II and Part III, the question arises as to 
the possibility of violation of the assumption o~ nor-
mality for the analysis of variance. 
Examination of the criterion measure distributions, 
) ,I 
for each treatment, reveals no marked skeimess. There is 
a possibility that the data may be more leptokurtio than 
normal, with distributions of similar fomn rrom treatment 
to treatment. 
Concerning the assumption of normality and the analysis 
of variance Lindquist (1956) states that: 
"It is evident ••• that the F-distribution is amazingly 
insensitive to the form of distribution of criterion 
measures, in the parent population, granting that the 
same form is common to all treatment populations." 
Lindquist cites. an experiment by Norton (pp.78), 
... --.#·' ... 
:~ 
- ,\. 
I I 
.~ . 
who constructed "card populations" of' 10,000 cases each 
from which saDl.t>les could be drawn. Six dif.fer.ent types of 
populations, ranging from normal to J-shaped, were studies. 
For a leptokurtic distribution Norton found that the proba-
bility of a Type I error wax almost doubled at the .01 
and .005 levels. 
If the data from Part· II and Part III are considered 
at the .005 level rather than the .01 level there are no 
differences in the significance of either the main erfects 
. 
of the interations. It would seem, then, that even if 
the assumption of normality was violated, that validity 
of the data is not affected. 
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Results 
Part I 
The results ot·matching brightness of a flickering 
., 
source by varying the intensity of a separate steady source 
are shown in Figure 7 and 8. The resuJ. ts o.f a Hue x 
Freq~~ncy x Subjects analysis of varieance are shown in 
Tables 4, 5, and 6. 
An F-max. test was performed to test the assumption 
of homogeniety of variance for the analysis of variance. 
Test results show no_significant di.f.ference between the 
extreme estimates at the .01 level. On this basis it was 
concluded that the assumption or homogeniety of variance 
was met. 
Analysis of variance indicates that hues differ signif-
icantly. Table 2B shows multiple comparisons of hues by 
Duncan's Multiple Range Test. Figure 7 reveals two peaks 
( . 
I in all brightness matching curves. These are in the area 
of B (480 mµ) and R (620 mµ) with two minimum points 
occurring at GY (670 m.u) and P (550 c). The points Rand 
Y are significant from all adjacent points. The hues B 
and Pare significant from all but adjacent points. The 
results do not show the expected peaks between 430-460 mµ, 
; 
·-· ··-····-----·----··--·- --~.:..,. ~- . _. ·--
Instead, maximum brightnesses· 
for colored targets occur at approximately 480 mu and 
620 m.u with one major depression at 540 Il'JJl• The highly 
. ' ..... ~ . 
r ~,, .-
37. 
I 
, .
. · ... - .. 
'· 
-.· ~-
I . . ·. 
Table 4 ··· 
Analysis of variance of the data· f:rom Part I. 
Stunmary of a 
hue x rate of intermittency x subjects design 
, 
Source ss MS F Result 
: 
Hue 10 12.00 1.20 77.9 s. .01 
I 
i 
I 
I 
I Rate 5 180.95 36.19 1206.3 s. .01 
( I 
' Subjects ·4 2.04 0.51 34.0 s. .01 
,.. 
!; 
{ 
., 
f, HxR 50 1.56 0.031 2.0 ,· s. .01 ~ JJ 
.5 
{ 
t 
Hxs 40 1.54. 0.038 2.4 ' s. .01  1: r 
RX S 20 0.44 0.022 1.4 J N.s. · 
HxRx S 200 5.17 0.025 1.6 s. .01 
Error 990 15.29 e.e15 
Total 1319 218.99 
\,.,,, 
' ·-1 
,.,,.· .. , 
,-·· .... -... 
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Table 5 · 
Multiple comparison of hues 
(Duno&n•s Multiple Range Test; Edwa.I'ds• 1957) 
'f 
Shortest 
Significant 
Ranges 
.0( • .01 
Mean values for each 
'hue 
B BG R YR Pl G RP P N Y GY 
.600 .639 .659 .696 .140 .156 .795 .a22 .a24 .sao .924 
.044 (B) 
.046 (BG) 
.047 (R) 
.048 (YR) 
.049 (PB) 
.050 (G) 
.050 (RP) 
.050 ( P) 
.051 (N) 
.051 (Y) 
.039 .059 o0g)6r~,ol40 0156 0195 0222- o2~ 0280 0324 
e020 .057 0101 0117 0146 0183 0185 o2~..l 0285 
.037 0081 0097 0136 0163 0165 0231 0265 
.044 .060 0099 0126 0128 oi84 0228 
.016 .055 0082 0084 ol40 0202 
e039 e066 0068 0124 0168 
e027 .029 el2l~ol65 
.002 .o58 0102 
.056 GlOO 
.044 
Any two treatment means not underscored by the same 
line are significantly different. 
Any two treatment means underscored by the same line·. 
are not significantly-difte~ent. 
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Table 6 
Multiple comparison or ~ates ot intermittency fu 
( Duncan's Multiple Ran.ge Test) 
Shortest 
Significant 
Ranges 
.02'96 
.0308 
.0317 
.0323 
.0328 
O(:& .01 
Mean values for each 
rate ot intermittency 
3 9 21 15 45 27 
.108 .466 .786 1.060 1.070 1.150 
.358 .678 0900 .910 lo046 
.321 .543 e 652 0687. 
.222 .232 0368 
P::1 j ] 
-
.009 .146 
.137 
.. 
Any two treatment means not underscored by the 
same line are significantly differente 
Any two treatment means un.derscored by the same 
line are not significantly diff'erent 
39. 
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Figure 7 
Brightness as a function of 
hue and rate of intermittency 
Q 40. 
Each curve designates a rate of inte:rmittency llllder which 
brightness was matched1 . in~ steady target, ror each hue. 
Triangles along the right side of the diagram indicate 
achromatic brightness matches. 
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Figure 8 
Chromatic and achromatic brightness matches as a function ot rate of intermittenct 
.•. 
.. 
,c.. . 
41. 
) 
- •--~-·-a·• "'·-:- = -:---·· .--·-·-:-.":' -
0 
.1 
.2 
·.! 
.3 
.5 
.6 
• 7 
• 9 
~ 
..., 
~ 
(0 
s:! 1.0 i. G) 
"O 
rl 
f 1.1 ~ 
i 
1.2 
1.LL I 
3 
. ,, . 
9 
-\ 
\ 
\ 
\ 
- . 
. i 
Averaged value for all 
hues at each rate of 
inter•mi ttency 
' 
6---,6 Achromatic brightness 
values for each rate of 
intermittenoy 
.. 
·\· . .. 
·.: · .. 
\ ··. ' . 
:\ .. · .. · .. 
·.. •. 
:\.· . . . 
,·\:·. ·· . 
. . ' 
\ 
\ I 
\ I 
~. 
·~ 
.:"$. 
21 27 
• 33 39 45 
Rate of Interm.ittency(oycles per second) . 
Figure 8 • 
..,. 
., 
.. 
. i~ 
,"'o 
-~ 
= 
·' 
·~·--·-····--···------- .. ----- ·-· ·--, ''" -- ·····" --·· 
·~42. · 
significant differences among frequencies is apparent in 
Figure-8 where all but two of the six rate of intermittency 
curves are separate and ~iffer significantly from all 
"· 
others. Of particular interest is the consistency of the 
brightness curves when compared across rates or intermittency. 
In Figure .-7-', where matches were ma~e between steady and 
flickering targets, brightness was significantly greater 
at 21 cycles per second than at 15, 27 and 45 cycles per 
second. The brightness matches made at 45 cycles per 
second were not signiricantly different from those at 15 
cycles per second but were significantly greater than 
those at 27 cycles per second. 
Hue curves respond in a parallel fashion from rate to 
rate. The Hue x Rate of intermittency is, however, 
' . 
significant. 
·- ' 
Figure 8 shows plots or: (1) Average response for 
chromatic targets at each rate of intermittency tested 
and, (2) Average responses for achromatic targets at the 
same rates of intermittency. The comparison of these 
,curves indicates that the cause of the significant 
~ 
interaction may be the achromatic target, which appears 
to respond at the average hue target level fQ,rJ- low rate 
of intermittency but falls below the hue target mean at 
·-··· the higher· rate of intermi ttency. ··--······-- ·-··· ····---·--, -- . - -- ----- ·--· - -- ---- --~-- - - -- -
"' 
Analysis showed that subjects differ significantly 
as expected. The nature of the subject .interactions 
,I 
J. 
\ •. 
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will be only briefly considered since subjects were con-
sidered separately to increase the precision of·the ex-
perimental design rather than to examine the nature or 
the interaction between treatments and subjects. The 
't Subjects x Rat~ of intermittency interaction is not 
significant, indicating that the effect of frequencies 
across subjects is additive in nature. The Subject x 
Hue interaction is sign'i'ficant. ··In terms of' brightness 
matches with respect to hue, some subjects tend to over \ 
respond to the hue for high and low rates of intermittency. 
Some subjects may perceive the ri:ues Band Ras brighter 
than most other subjects at 3 and 9 cycles, and perceive 
Y and Pas less bright than other subjects for the lower 
rate of intermittency. The significant subject interaction 
suggests that the interaction may result from the fact 
that- the Hue x Rate of intermittency interaction is not 
parallel across subjects. 
Part II and III 
Before analysis of hue shifts in these parts or the 
experiment, which involve conditions or steady and inter-
r-·· 
mittent brightness differences, two aspects of the Munsell 
System should be considered: (1) The Munsell System 
consists of hue chips placed at discrete intervals. The 
spacing of these chips resembles the human j.n.d. curve;, 
however, the diff_erences between chips are somewhat greater. 
~ ~ Under these conditions the subject is at times forced to 
i ' ... 
----------------··'"''iliill"'"'"'ili" ···-· ·- .--~·'-·"•"'-•., 
-·~· ··-- ... ··.·-
'". 
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make an 1'all or none" response with respect to the hue 
selected. In such a case the hue shifts can be systemati-
·Cally enhanced or diminished in accordance with the spacing 
o:r the chips. An example of this is the shift from the 
G chip (see Figure 10). The shift in hue is greatest 
at G for each of the intermittency rate curves from 3 to 
27 cycles per second. At 45 cycles per second, the shift 
.. 
in G is almost nonexistent. Examining the spac.ing in the 
direc·tion of the shift shows a gap of approximately 30 mµ 
between the test hue and the adjacent chip in the 
direction shift, while the average separation of other 
hues in the serier.s is only 6 mµ. Such spaci~g may well 
account for the natur-e of the· shift in hue at the G chip. 
(2) All hues were highly unsaturated both.in terms ot 
I 
maximum possible saturation, a.rid because they reflect light 
of many wave lengths with only a small peak iri the area 
of the dominant wave length •. 
I , 
Part II and III are analyzed in a Hue x Brightness x 
Conditions of presentation factorial design. An F-max. 
test was performed to test the assumption of homogeniety 
of variance for the analysis of variance. Test results 
show no significant difference between the extreme 
.. 
estimates at the .01 level. On this basis it was concluded" 
that the assumption of homogeniety of variance was met. 
,' 
The results are shown in Table'~ 1, e, 9, andlO, and Figures 
9 and 10 • For simplification, each treatment under 
which hues were matched will be assigned a letter as 
fl 
I . 
•. 
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Table 7 
Analysis ot varianea of the data f'l'om . 
~·/ 
JI! 
Part II and Part III 
Summary of a _ . , 
hue x brightness level x conditions of presentations 
design 
Source di' ss MS F Result 
"'"liGII 
Hue 9 1105.1 122.a 47.3 s. .01 
Brightness 5 54.9 10.9 4.2 s. .01 
Condition 3 80.1· 26.7 10.0 s. .01 
HxB 45 41,.6.o 9·.9 3.8 s. .01 
H x C 27 706.9 26.1 10.0 s. .01 
Bx C 15 71.6 4.7 1.8 N. s. 
HxBx C 135 855.o 6.3 2.4 s •• 01 
Error 960 2522.0 2.6 
Total 1199 5841.6 
.I 
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Shortest 
Signif'icant 
Ranges 
G 
2.36 
BG 
) . 
Table 8 
Multiple comparison of hues 
(Duncan's Multiple Range Test) 
0<•.01 
Mean value for each 
hue 
GY B y RP p R 
r.40 -.55 - • 8 .30 .o •.19 •.21 •• 42 
46. 
PB YR 
•.70 •.98 
.546 (G) . n .96 1.81 2.06 2.28 2.55 2.57 2. 78 3.06 3.34 
.568 (BG) 
.585 (GY) 
.597 {B) 
• 600 (Y) 
.613 (RP). 
.623 , (P) 
• 625 ( R) 
.630 (PB) 
.85 lelO 
.20 
loJ2 lo59 lo61 
.47 .14 .76 
.22 .49 .51 
.27 .29 
.02 
lo82 2ol0 2.30 
097 lo25 le53 
.12 leOO 1~28 
.50 .78 lo06 
.23 .51 .79 
.21 .49 .11 
.28 .56 
.28 
Any two treatment means not underscored by the same 
line are significantly difrerent. 
. " 
Any two treatment means underscored by the same 
line are not significantly different. 
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Table 9 
Multiple comparisons of brightness levels 
( Duncan's Multiple Range Test ) 
Shortest 
Significant 
Ranges 
.400 
. 
.416 
.429 
.438 
.489 
C<: .01 
Mean values :for each 
brightness level 
3 21 27 15 
-.35 -.30 -.19 -.09 
.11 .16 .21 .37 
.05 .16 .26 
.11 .21 
.10 
45 · 
+.23 
.69 
.58 
.53 
.42 
.32 
Any two t~eatment means not underscored by the 
same line are significantly different. 
Any two treatment means underscored by the same 
line are not signj ficantly different. 
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(27) 
(15) 
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Table 10 
Multiple comparisons of conditions 
under which hues were matched 
( Duncan I s Multiple Range Test) 
Shortest 
Significant 
Ranges 
.J27 
.331 
.350 
o< : .01 
Mean value for conditions 
A 
-.453 
B 
-.335 
.120 
C 
-.003 
.450 
.330 
D 
+.003 
.456 
.336 
.006 
Any two treatment means not underscored by the 
same line are significantly different. 
48. 
(A) 
(B) 
(C) 
Any two treatment mean.s um.derscored by the same 
line are not significantly different • 
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Figure 9 
Hue matches as a runotion ot 
conditions ot presentation 
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Figure 10 
Comparison of hue shi.fts 
under steady and intermittent conditions 
to typical Bezold~Brticke hue shifts 
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Figure 11 
•, 
Degree or shift in hue as a runction of brightness level 
A, represents conditions C and D. 
B, represents conditions A and B. 
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Hue shifts in terms ot 
standaI'd deviation units at each 
brightness level 
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A, represents combined data from conditions C and D. 
B, represents combined data from conditions A and B • 
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follows: 
Conditiorr· A - Test and matching target were equal in 
e 
53 • 
brightness and of steady illwnination. Six levels correy ,, 
sponding to ~he amounts of brightness enhancement previ-
ously found for the six flicker rates, were tested. 
Condition B - Steady test targets and flickering matching 
targets were imployed. The experimenter varied brightness 
of the test target by neutral density filters to match 
the brightness of the flickering targets. 
Conditon C - The test target was fixed at a steady level 
transmitting 11& of the. total luminous flux. The· experi-
menter set brightness of the steady target at a value to· 
match the brightness of the intermittent target. 
Condition D - The best target was!'ixed at a steady level 
of 1% transmittence, with a flickering matching target. 
Analysis of v{!lriance indicated 'that the effects of the 
conditions under which the hues were matched differed 
significantly. Duncan's Mu~tiple Range test, Table 10, 
shows that Condition A and B do not differ significantly 
nor do Conditions C and D. However both A and B differ 
significantly from C and D. Thus, shift in hue is similar 
whether brightness is varied by increasing the luminous 
r1ux per unit area of a flickering source constant and 
decreasing the frequency. 
Significant differences betwe.en hues was expected. 
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Table 8 shows that the areas·or maximum hue shi~t (YR, 
G, & PB) are significantly differnt from all but adjacent 
hues. The invariable points across difrerent levels of 
brightness are fairly consistent. In all cases they lie 
between Y and GY and between GB and B •. 
The analysis of variance indicates that there is a sig-
nifi.cant di.fference between brightness levels. Table 6 
shows that brightness levels of 3, 9, and 21 cycles per 
second differ significantly fro~ 45 cycles per second. 
('""' 
The reason for the significant difference of 45 cycles 
per second is apparently because of the absence of the G 
shift whi.ch was discussed above. 
Figure 12 shows a series of curves representing the 
number or points for each brightness level at or beyond 
1, 2, and 3 standard deviation°units. These curves indicate 
that the greatest shifts in hue occur at the 3 cycles per 
second brig~1tness level, and next for the 9 cycles per 
second level, with little difference between brightness 
levels at 15, 21, 27, and 45 cycles per second. 
Data .from i\. and B were pooled,. since these conditions 
\I 
were not significo.ntly diff"'erent. A and B were .found t.o 
be significantly different :from zero. ( P < • 01). 
The interaction between hue and brightness level was 
significant as shown by the analysis of variance. This is 
" 
to be expected since previous studies show that certain 
. 
areas of hue increase at the difference in brightness 
increases and other points remain relatively stable as 
the brightness difference between test and matching 
target increases. 
The significance of the interation between hue and 
' 
55. 
conditions of presentation was also espected. The maximum () 
difference betiieen Conditions A, B, and C, D was in the area 
of maximum hue shifts, with little dif.ferenc.e. between the 
conditions at the invariable points. (see Figure 10) 
The Brightness x Conditions of presentation interaction 
was.not significant. Examination of the data indicates 
that as brightness decreases the mean values for each · 
condition increases at approximately the same rate. The 
reason for the significant tripple interaction is evident 
since examination of Figure 11 shows that the Hue x Bright-
ness interaction was not the same over all conditions of 
presentation. 
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Degree ot hue 0 shift as a f'unction ot 
active modulator element composition 
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Degree ot brightness as a function of 
active modulator element composition 
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Discussion 
The nature of shifts in hue 
The first coµsideration is the ~elation.between hue 
shifts under conditions of steady and intermi.ttent bright-
ness changes. Analysis of hue shifts revealed no 
'significant difrerences between steady and intermittent 
\ brightness conditions, as long as brightness levels were 
equivalent for both conditions. 
The second consideration is the relation between the 
steady and intermittent hue shirts of the present ex-
periment and the typical Bezold-Brticke shifts. Figure 10, 
. ··.:1 
at the three cycle brightness level, sp.ows Purdy' s data ,· 
as well as the steady and intermittent hue shifts. For 
each of these curves the brightness difference between 
the matching and test largets was 100 :1. Ex6Il'lination 
of these curves shows ihat the invariable points reportod 
by earlier investigato~s are in close correspondence 
(see Table 1~ The maximum points of the hue shifts for 
the present experiment are signi~icantly different from 
ze.ro and are in the same direction as- those -of Purdy. 
Although most studies report three invariable points, 
in the present experiment the third occurs for only the 
3. and 9 cycle per ·'second brightness level between the 
points PB and RP. 
Investigation of Purdy's data reveals that the second 
-, 
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an
1
d third· invariable points are closely spaced and the 
shift in hue between these points is small (see Figure 3). 
For these reasons and·the above stated deficiencies or the 
·· Munsell system, it appears likel·y th~t the third invariable· 
point occurs. only under conditions of maximum brightness 
differences. 
Earlier investigators found that as brightness is in-
creased, shifts in hue increase~ Figure 12 shows that 
hue shifts tend to be greater at the higher brightness 
levels, decreasing toward zero as brightness level is re-
duced. 
To investigate the relation between Granit 1 s sensitiv-
ity curves and data frem the present experiment, degree_· 
"/ 
of hue shift was plotted as a function of' receptor-element 
./·: composition. The ordinate of Figure 13 was based on the 
excitability coefficients of Granit 1 s curves, (Table 2). 
For a given wave length the coefficient ror the most 
sensitive modulator element was divided by the coefficient 
for the least sensitive modulator element. The ordinate 
j' 
of Figure 13 represents the ratio of maximum to minimum 
receptor elements with the less sensitive element assigned 
a value of one. Along the abcissa of Figure 13 is an 
arbitrary scale expressing shi·ft in hue. Purdy' s data 
and the combined steady and intermittent hue shifts, at 
the 3 cycle levei are both plotted in that figure. Agree-
.1 
ment between curves is good, with maximum shift in hue 
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1 
occurring in the region where maximum to minimum sensi-
tivity of modulator elements is approximately 3:1. 
Table 2 shows that the percent sensitivity for modulator 
elements in this region are: 102:24, 94:22, and 91:39 etc •• 
' .. ,1 
I 
In this region then, the most sensitive elements are 
approa~hing the point of maximum excitability, where 
the less sensitive elements are operating at 20% to 40% 
of their total effectiveness. These findings are in agree-
ment with statements made in the introduction of this 
paper concerning the basis of shifts in hue. The more 
sensitive modulators, which are almost at a maximum, can 
increase only 5-10% over wide ranges of brightness. The 
less sensitive elements may increase as much as 80% as 
brightness is increased, thus, decreasing the difference 
between components at a given wave length. If conditions 
are such that to match a specific hue, the ratio of receptor 
components must be the same, then as brightness increase~ 
matches for the original hue at the low brightness levelJ 
must be shifted away from the original wave length in order 
to maintain the same ratio between receptor elements as 
brightness increases • 
Figure 13 also shows that hue shift decreases as the 
ratio b·etween effective components approaches a 1 :1 
relationship, and also as the difference between effective 
components becomes greater. In the former case, both 
elements increase their activity at the san:ie rate as 
,, 
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, 
brightness increases, preserving the ratio between 
elements at the different brightness levels •. In the 
latter case, the minor component does not appear to be 
great enough to cause any significant change in the maximum 
.. ----- ~ 
to minimum receptor element ratio ·as brightness increases. 
Relations between components for this latter case are of 
the order 28:.05, 45.7:.1, and 27.8:.32. For these relations 
the minor components are extremely small, and the major 
components may irncrease their activity by as much as 70f~ 
as brightness increases. Granit 1 s modulator sensitivity 
curves predict.both the direction o:f the hue shifts and 
the positions of the invariable points. 
Curves matched under conditions where no brightness 
differences exist between test and matching target were 
not expected to differ significantly from zero. Results 
show that this was the case. These curves do however, 
differ significantly from zero {Table 6). One possible 
reason for such significant difference has been di~cussed 
in the previous section, and is condered with unequal 
spacing of hue chips in the Munsell system. The equivalent 
brightness curves of Figure 12B indicate another possible 
' 
reason for the shifts in hue in the central protion of 
the spectrum. The ·hue shifts become greater than one 
standard deviation unit only at the 3 and; 9 ~ycle per 
second brightness levels for conditions of intermittent 
stimulation. Nelson and Bartley {1960) found that a 
.f. 
I 
~1 
I 
."'. I 
1 I 
I 
. I 
' 
l I ) 
,:I j 
·1 
.. 
62. 
desaturation, or "washout". erfect occurred at low rates 
of intermittency, but used too few spectral points to permit 
generalization concerning the area of maximum saturation. 
Purdy (1931) reported that by changing saturation, hue 
shirts that were similar in direction to those of the 
Bez.cfti 4-Brticke ef'fect occurra.d. This data may be related 
to the dominator and modulator elements of Granit's curves, 
since chromatic and achromatic targets have been shown 
to -produce different levels of brightness across rates 
of intermitteney. Figure 8 shows that while chromatic 
and achromatic curves are similar for relatively high 
brightness levels, they diverge· at lower brightness levels_. 
Such differences could be attributed to a shift from the 
photopic to the scotopic luminosi~y curves. Lennox and 
Madsen (1955) found that when a flash was presented to 
the retina two components appeared in the cortical 
-
response. 
"With increasing light intensity, the distance 
between the components decreases until both 
were synchronouso rrhus the cortical response 
was contributed to by two cell groups with 
different latency characteristics~ and the 
amplitude and shap.e of the cortical response 
was determined not only by the total number 
of cells fired in each group but also by the 
degree o.f synchrony beti-reen them." 
It s~ems possible that a greater degree of desaturation 
occurs in those portions of the synthesized luminosity 
curve where the dominator and modulator elements are not 
of the same amplitude. In such regions, such as the 
' .·, 
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Qenter of the luminosity curve, the subject may shirt to. 
the left or right to requca. the amount of saturation, as 
well as to match the hue. Occurrence such as those mentioned 
were reported by the subjects. Two components were reported 
to each flash at the 3 cycle per second rate or intermittency. 
Subjects stated that a white flash was superimposed over 
th~ hue of the matching target. The foregoing is highly 
speculative but for ~1atever reason, the hue shifts en-
countered may be in part induced by a change in saturation 
occurring at the higher brightness levels~ 
The nature o~ brightness 
On the basis of the data rrom the present experiment 
, 
the nature of the theoretical mechanisms underlying 
brightness will be considered. 
\,Ji thin a frequency theory of brightness certain 
predictions may be made. Brightness would not be expected 
to change unless the total flux per unit solid_ angle 
' was changed. Similar targets of equivalent brightness 
levels would not be expected to differ in1Brms of total 
luminous flux per unit area. Greatest brightness should 
• . 1 
occur ror those regions of the spectrum having the lowest 
threshold values, and the greatest number of e~ements 
firing • . As brightness is increased from a maximtun, t_o 
minimum value, the transition should be smooth and 
'· logarithmic in-nature with no peaks in the curve. 
•. ,ll 
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The data from this experiment is not in complete 
agreement with expectations made on the basis or a strict 
frequency theory of brightness. The following results 
oppose a theory of brightness based exclusively upon the 
rate of fire of individual receptor elements: 
1. An intermittent photic source at 3 cycles per second 
was found to1 be .producing brightness as a steady source 
with four times the maximum intensity and 24 times tne total 
luminous flux per intermittent cycle. 
2. By changing frequency alone, with flux per unit area 
constant, an intermittent source could match a steady source 
in which the intensity was varied by increasing the llllllinous 
per unit area by 100 times. 
3. For an intermittent photic source, brightness 
increased significantly at near multiples or the alpha 
rhythm (20 cycles per second & 40 cycles per second). 
4. Part-spectrum targets, each, with the same amount 
of luminous reflectance, resulted in significant dif.ferences 
• in perceived brightness under intermitt~nt conditions. 
Brightness for blue (480 IDJ.l) and red (620 mµ) was 
significantly greater than for the yellow and green regions 
of the spectrum (570 mµ). The lowest perceived brightness 
occurred at a point directly opposite,. from the peak. or the 
human photopic lumin_osity curve. 
Results from the present experiment do not seriously 
contradict·expectations made on t~e basis of Bartley's 
. 
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Alternati.on of Response theory (Bartle:y. 1940). Bartley 
states that to produce maximum effective brightness at 
a given intensity level, the photic impingements must be 
spaced in1, such a way that they correspond to the activation 
cycle of the occipital cortex. 
. 
The results support the belief that spacing pulses of 
the same flux per uni·t area per unit time produces effective 
changes in brightness. Figures 7 and 8 show that by 
varying the rate of intermittency, brightness levels can 
. 
be changed significantly. Hue shifts produced by inter-
mittent stimulation were not significantly different 
from hue shifts produced by steady targetsoorresponding 
in brightness level. 
The curves of Figures 7 and 8 do not indicate that the 
rate of maximum cortical excitability occurs in cycles or 
.1 seco-nd duration, as proposed by Bartley. Brightness 
is significantly greater at 3 cycles per~second than at 
9 cycles per second, the latter value being close to the 
supposed cortical excitability cycle. 
Figure 8 shows the brightness values for chromatic and 
achromatic targets fcross rates of intermittency. At 21 
cycles per second, the brightness level is significantly 
greater than brightness levels at 15· and 27 cycles per 
second. At 45 cycles per second, the brightness level is 
significantly greater than that at 27 cycles per second. 
The primary concern is between the peaks in the brightness 
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curves and the alpha rhythm,multiples. Generally speaking 
. \ 
'"··- -- .tf'·, ) 
the adult human al.pha rang;~7is betw,een 8-12 cycles. per 
second, with multiples falling between 16-24 cycles per 
second and 32-48 cycles per second. ,. Comparison of these 
ranges and the data from the present experiment reveals 
a close sorrespondence between the sensory phenomenon or 
brightness and the alpha multiples. Howeve~ the ranges 
of the alpha multiples are wide and only 6 rates of inter-
mittency were used, so at best, the only conclusion is 
that the present data do not contradict the belief that 
the significant peaks in the brightness curves reflect 
some efrect of the excitibility cycle of the occipital 
cortex. Stt'Olhcorrespondence between theory and empirical 
data also warrants further study of brightness with much 
' 
smaller intervals between the rates of intermittency. 
Figure 7 shows that there is a factor other than the 
temproal spacing of impingements operating to produce 
brightness variation with respect to hue. It was predicted 
that the brightness curve would consist of three peaks, 
each corresponding to the peak receptor sensitivity of 
Granit's Modulator elements. The results show however, 
r ----.·--·. - ---··that ~s do hot·occur at 44U m.µ~ .5JO mµ, and .590 rnµ, ······· ··-·- .... -
l -
t bat are shown f.or R (640) and B (480) with a signiricant 
j-._:. 
depression occurring at 570 mµ (P <.Ol). Granit's Mod-
_ulator Sensitivity Curves again yield a possible expla-· 
nation· ror the brightness curves, on the basis of receptor 
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composition. In Figure 14, the degree or brightnes is 
plotted as a function of receptor element composition. 
The ordinate was obtained in the same manner as Figure 
67 • 
13. The curve of Figure 14 ge~erally increases as the ratio 
between excitability of maximum and minimum receptor~ 
elements increases (1:1 to 600:1) •. The shape of 
the curve indicates that degree of brightness depends 
not only upon individual receptor element sensitivity 
but upon the degree of purity of receptor composition. 
It would seem then, that degree of synchrony of converging 
impulses is a major factor determining brightness in 
the stri.ctest sense of' the word. Even a small component 
-
of a modulator element differing in response character- .-· 
istics.destroys synchrony e~6ugh to produce a detectable 
change in brightness. Nelson and Bartley (1961) 
obtained similar brightness curves. They used only rive 
spectral points, but the important factor is that they used 
narrow band Wratten filters to achieve similar results. 
Temporally induced impingements are more eft·ective 
than steady impingements in utilizing the neurophysiological 
mechanisms that determine brightness. Comparison of both 
i' 
steady and intermittent sources do not support the belief 
that impingements synchronized with the alpha rhythm 
_produce .. · the highest degree of brightness. Brightness 
may however, occur within the rapge of the alpha_multiples, 
and significant depressions in brightness do occur where 
• 1,·.1 .. 
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most desynchrony has been reported. 
Brightness and-hue shift were found to depend mainly 
on three factors: 
, 1. Temporal spacing of impingements 
2. Composition of receptor elements s~nsitiv~ to a 
given spectral point. 
3. · Rate of fire of different receptor elements at a 
given spectral point. 
Perhaps the most important finding is the degree with 
~ which the data from the present esperiment, and from 
earlier investigators, can be explained in terms of ·a 
combination of the alter~ation of response theory and 
4¢ 
Granit's synthesis of the human photic luminosity curve. 
Although much of the data oan be explained within 
the framework of current theoretical notions, several 
factors suggest the need for additional study. Among 
these are: 
1. The relation bet-vreen saturation and hue shift, and 
between rate of intermittency and saturation, should be 
determined more precisely. 
2. The nature of the brightness curves at low 
frequenci·es should be more closely examined, since, in 
the present experiment, brightness was :found to increase 
as frequency decreased below the level of the alpha 
rhythm. 
3. Although Granit's data go a long way toward ex-
"':'P' plaining both the occurrence of hue shifts and the shape 
. ~ , 
: ,, .. 
- - -·· ... . - . . .. -- . 
·" 
•"''•···-··· ''-'-''w'-""'--•:,O~.--q/•····•••··-- • ' 
of the enhancement curves, his data cannot be taken as 
a basis for color perception. Granit's curves were based 
on organisms which include diurnal, nocturnal and color 
blind. Organizing his curves may be considered a neces-
sary prerequisite to color vision, with the actual 
phenomenon of' color determi11ed b·y more centrally located 
mechanisms. 
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Summary 
Hue shirts of the Bezold-Brllcke effect, a phenomenon 
operating as a function of brightness, were studied under 
conditions where brightness was varied in two ways: 
l. The flux per unit area of a luminous source was 
increased, with the intensity level for each increment 
in flux constant over time. 
2. The luminous flux per unit area held constant 
and the target presented to the eye at intermittent Dates 
or 3, 9, 15,· 21, 27,· and 45 cycles per second, with pulse-
to-cycle fraction of 1/8. \ 
Hues of the Munsell system were used in the test and 
matching targets. 
Five subjects matched steady and intermittent photic 
i 
targets, then proceeded to match hues under brightness 
differences produced by the steady and intermittent \ 
conditions. 
Hue shifts under steady and intermittent brightness 
conditions vrere not found to differ significantly from each 
other at the .01 level. Hue shift curves from this experi-
ment were found to compare favorably to typical Bezold-
Brdc~e hue shifts. 
The data was discussed in terms of Gran.it's ~hotopic 
Modulator Curves, and Bartley's .Alternation of Response 
Theory. 
It was conclµded that both hue shift and brightness 
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· depend upon: 
1. Agreement between the intermittent photic pulses 
and the "ex_ci tabili ty" cycle of the occipital cortex. 
2. Composition of active receptor elements at a 
given wave length. 
3. Discharge rate of individual receptor elements. 
' 
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